ANL-7589

onne JRational Laboratory

ESTIGATION OF METALLURGICAL PROBLEMS
SOCIATED WITH THE EBR-II FUSIBLE SEALS

by
Charles C. Crothers




The facilities of Argonne National Laboratory are owned by the United States Govern-
ment, Under the terms of a contract (W-31-109-Eng-38) between the U. S, Atomic Energy
Commission, Argonne Universities Association and The University of Chicago, the University
employs the staff and operates the Laboratory in accordance with policies and programs formu-
lated, approved and reviewed by the Association. »

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State University Saint Louis University

Illinois Institute of Technology The University of Michigan Southern Illinois University
University of Illinois University of Minnesota University of Texas

Indiana University University of Missouri Washington University

Iowa State University Northwestern University Wayne State University

The University of Iowa University of Notre Dame The University of Wisconsin

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on behalf
of the Commission:

A. Makes any warranty or representation, expressed or implied, with re-
spect to the accuracy, completeness, or usefulness of the information contained
in this report, or that the use of any information, apparatus, method, or process
disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages re-
sulting from the use of any information, apparatus, method, or process disclosed
in this report.

As used in the above, "person acting on behalf of the Commission" in-
cludes any employee or contractor of the Commission, or employee of such
contractor, to the extent that such employee or contractor of the Commission,
or employee of such contractor prepares, disseminates, or provides access to,
any information pursuant to his employment or contract with the Commission,
or his employment with such contractor.

Printed in the United States of America
Available from
Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Repartment of Commerce
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65




ANL-7589
Reactor Technology

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

INVESTIGATION OF METALLURGICAL PROBLEMS
ASSOCIATED WITH THE EBR-II FUSIBLE SEALS

by

Charles C. Crothers

EBR-IIProject

September 1969






ABSTRACT. .

TABLE OF CONTENTS

IR R CIRIE TAN. - Tl et D e i) gl B e

BRRECIEW OF THE LITERATURBERLSGE. & Wl 8 od et ol meie st

N B muth- Fin Alloy Systemicinlis e Sela oS i ihems b Ly

MY oW

Bismuth-Sodium Alloy System . . . . . . . . oo oo e e oo
Sedium-Tin Alloy Systerm . « o ¢ o0 o aie «mie v o e e et et
I T AL IS ot i e s e i (=igen it i s e B e S e e

SEI O ABIOTL o s B b e R e

L EXPERIMENTAT PROCEDURE S IA 0 Mty or bRt Solste Tttt

) BEXPERIMENTA GRESUTLESE ein s Joibmen ol S Seuait i de

V. CONCLUSIONS AND RECOMMENDATIONS. . . .. ... .-

APPENDIXES

A. Supplementary Tests and @b e rvatlons . & o1 sl Eas

R G e D SIS o s ot e s s e Tt e s e e iR
20 c ot of Diross-formation Rafe ki wa et Slal o it e
SN Aoy Purification. it dalei et bl i inls s

B C L cal W AT LY S18, 0 e et L e e el S S A e

170 Bi sranth Determination - s i hsdi i etz il iiaies e
20 s Pete ryn e LoD o suciers cante o Lk abie Raiama b s et e
2. Sodinn Determunationt. o, e el e Rl eio bt e

11

Il
15
115}
14
14

115!

17

22

24

24
24
25

26

26
26
26
2

28



O

11.

25

1.2}

14.

157

16.

LIST OF FIGURES

{itie

Freeze Seals of Large and Small Rotating Plugs of BEBR=TISENE
Bismuth-Tin Equilibrium Diagram . . . . . . .. oo as it
Bismuth-Tin Eutectic Alloy Drosis 8N SSEEL LSRN
Bismuth-Sodium Equilibrium Diagram . . . .. ... .......

Sodium-Tin Equilibrium Diagram. . . . . . . . .« oo oo .-

Experimental Apparatus Used to Determine Alloy

CoolinglGuTyest. - = ol LR A R

Typical Cooling Curve for 41.88 wt % Tin-57.87 wt T

Bisoiuth=0426 wt JiSodinm Alloy. e SRS IEEE SRR S

Typical Cooling and Heating Curves for 41.70 wt % Tin-

57.61 wt % Bismuth-0.68 wt % Sodium Alloy. . . . . .. .. ...
Concentration Triangle for Bismuth-Sodium-Tin System. . . .

Isopleth of 56at. % Tin-44 at. % Bismuth-Sodium System . . . .

Liquidus Curves at Various Temperatures for the

Bismuth-Tin-Sodium Alloy System . . . . . . ... ... ... ...

Isopleth of 55.3 at. % Tin-43.4 at. % Bismuth-1.36 at. %

Indium -Sodium System . i T NEnE IS ISR

Type 304 Stainless Steel Specimen after 5000 hr of Exposure

at 177°C (350°F) to Bismuth-Tin Eutectic Alloy. . . . . . . . . .

Type 304 Stainless Steel Specimen after 15,000 hr of
Exposure at 177°C (350°F) to Bismuth-Tin Eutectic

AlloydContaining 1wt 7oilndiumm R iR

Dross Formation on the Surface of Bismuth-Tin Eutectic

Alloys Containing Various Concentrations of Indium. . . .. ..

Photomicrograph of Dross from Bismuth-Tin Eutectic

Alloy Containing 1 wt Yo Indium .0 i e v e et

12

1S

155

14

16

17/

i

18

19

Z

22

24

24

25

25



.

N1

LIST OF TABLES
Title

Analyses of Seal Alloy and Dross from Seal of Large
R ae UGG o s o 2o et i e et e e

Physical Properties of Some Tin-Sodium Alloys . . . . . .. ..

Chemical Composition of Bismuth-Tin Eutectic Alloy
i P rperimmentan s s e eyn ity wie o il e

Amounts of Impurities in Sodium Used in Experiments. . . . .

Data from Thermal Analysis of Bismuth-Tin Eutectic
Containing Incremental Additions ofISoditnEse. St

Data from Thermal Analysis of Bismuth-Tin Eutectic
with Approximately 1 wt % Indium and Incremental
Addiri anstor SodNm: s e e e B

Page

il

14

16

16

18

21



o

a TELr. K 3
Te %N

wafy Hikee

P i AR




INVESTIGATION OF METALLURGICAL PROBLEMS
ASSOCIATED WITH THE EBR-II FUSIBLE SEALS

by

Charles C. Crothers

ABSTRACT

Fusible seals composed of an alloy of bismuth and tin in
the eutectic ratio are used in the EBR-II rotating shield plugs.
Because the seal alloy is exposed to sodium in the form of vapor
or aerosol from the primary tank, the plug seals have been a
continuing source of difficulty since the system became operable.
We report our investigations of the solubility of sodium in the
seal alloy at its normal operating temperature.

Intermetallic compounds of sodium with bismuth or tin
usually have melting points above the operating tempe rature range
of the fusible seals. The results of thermal analyses of a series
of alloys containing bismuth and tinin the eutectic ratioand vary-
ing concentrations of sodium show that the solubility of sodium
in busmuth-tin eutectic alloy is approximately 0.35 wt % at 177°C
(350°F). Apparently solids resulting from the reaction of sodium
with the seal alloy will not begin to build up in the seals until this
solubility has been exceeded. Similar analyses were made of a
series of alloys containing bismuth and tintin the eutectic ratio
and approximately 1 wt % indium and varying concentrations of
sodium. The solubility of sodium in the alloy containing indium
is approximately 0.50 wt % at 177°C (350°F).

Some associated experiments concerningdross-formation
rates, alloy purification, and corrosion are reported.

I. INTRODUCTION

Experimental Breeder Reactor II (EBR-II) is an important part of
this nation's liquid metal fast breeder reactor program. Knowledge and
experience gained from the operation and maintenance of this facility will
be invaluable to the design of future reactors of this type. Reference 1
contains a complete description of the EBR-II complex.

One problem associated with a sodium-cooled reactor is containment
of the coolant, which requires an inert atmosphere over all liquid-metal



surfaces. The EBR-II core and the auxiliary reactor equipment are con-
tained in the primary tank, which also contains the bulk sodium coolant.
Access through the primary-tank cover for the insertion or removal of
reactor-core components is provided in part by two rotating shield plugs.
The larger of these two plugs is mounted in the primary-tank cover with
its axis coincident with the axis of the reactor core. A smaller rotating
plug is mounted eccentrically inside the large rotating plug. This design
allows the core-subassembly handling mechanism to be positioned at any
desired point over the reactor core. This report explores in depth the
solubility of sodium in the rotating-plug seal alloy at its normal operating

temperature.

The seal between the large rotating plug and the primary-tank cover
consists of a circular channel containing bismuth-tin eutectic alloy and a
circular apron that dips into this channel. The channel is a part of the
primary-tank cover, but the apron or dip ring is part of the rotating plug.
The seal between the large and small rotating plugs is similar in design to
the one between the large rotating plug and the primary-tank cover, as
shown in Fig. 1.

The two seals are designed to contain the argon atmosphere of the
primary tank and are completely effective only if the bismuth-tin alloy is at
least partially molten at all times. However, a fully molten condition is
required for plug rotation. The alloy surface in the inner annulus of each
seal is protected from oxidation by the argon atmosphere of the primary
tank. A secondary seal and the provision for an inert-gas purge were in-
cluded in the design of the seals to prevent oxidation of the alloy in the outer
annulus of each seal (see Fig. 1), but this secondary seal has been ineffec-
tive. Samples of purge gas were determined to contain a consistent 4-8%
oxygen because of air in-leakage. As a result, a wet dross is formed in the
channels by reaction of the alloy with oxygen. Because the secondary seal
is inaccessible, correction of this condition is impractical.

Extensive examination of the wet dross showed its contents to be
approximately 10 wt % tin monoxide, 80 wt % metal, and 5 wt % sodium.
Sodium was analyzed as sodium carbonate, and the relative amounts of oxide
and metal were first determined by passing dry hydrogen over the heated
dross. The results of this analysis were subsequently verified by X-ray
analysis. The X-ray analysis also verified thermodynamic theory by
showing that tin is preferentially oxidized; only trace quantities of bismuth
were found in the oxide.

Proper operation of the rotating seal plugs is vital to the operation of
the reactor. The buildup and subsequent compacting of the wet dross in the
outer annuli of the seals have, on several occasions, prevented normal rota-
tion of the seal plugs. Compacting of the dross is enhanced because of a
slight eccentricity between the dip ring and the trough. Periodic dross
removal is essential for trouble-free operation.
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To provide access for dross removal, a 7/8-in.-diam hole was
drilled through the large plug to the outer annulus of the seal trough. A
similar hole, with a 3/4-in. diameter, was drilled for access to the outer
annulus of the small rotating plug. Because of the small size of these
holes (imposed by dimensional limitations), dross removal is difficult and

time -consuming.

Several methods are possible for preventing oxidation of the seal
alloy. One method is the use of an inert substance, such as silicone o0il, as
a blanketing medium. Dow Corning 710 fluid (a silicone oil) has been ex-
tensively tested with excellent results.? These tests were conducted in a
mockup facility in which the actual operating conditions of the rotating plugs
were simulated.

The use of a different seal alloy to eliminate problems associated
with dross formation has also been considered. However, the present
alloy cannot be removed completely and replaced with another alloy, be-
cause an effective seal must be maintained continuously. The mostdesirable
candidate alloy would be one formed by the addition of a third constituent to
the present alloy; a promising alloy for this purpose is bismuth-tin eutectic
containing small amounts (1-2 wt %) of indium.?> The presence of indium in
the alloy inhibits alloy oxidation. However, larger additions of indium (up to
25 wt %) substantially reduce the melting point of the alloy system,* whereas
additions of indium exceeding 25 wt % cause the melting point to increase.

The seal alloy is affected by sodium contamination as well as by the
oxidation reaction. Sodium vapor or aerosol transfers from the primary
tank to the inner annulus of each seal, as indicated by the presence of
sodium in the alloy and dross. This transfer process depends on the tem-
perature differential between the primary tank and the seals, but the com~-
position or physical state of the seal alloy has no effect on the rate of
sodium transfer. The average temperature at the surface of the sodium in
the primary tank is 371°C (700°F), but the temperature at the surface of the
seal alloy in each seal trough ranges from 120°C (250°F) to 177°C (350°F).
Table I summarizes the results of periodic analyses for sodium in the
dross and in the seal alloy from the seal of the large rotating plug. A
material balance covering about two years of reactor operation was deter-
mined in part from these analyses. The material balance shows that the
rate of sodium transfer is equivalent to a sodium buildup of 3000 +
400 ppm/yr in the seal alloy of the large trough and 1100 + 200 ppm/yr in
the seal alloy of the small trough.?

Sodium, dissolved in the eutectic, is first oxidized to sodium oxide;
in a short time the oxide is converted to the carbonate by reaction with
trace amounts of carbon dioxide in the purge gas and in the atmosphere.
Sodium carbonate is undesirable because it tends to form clinker -like ag-
glomerates when it combines with the other constituents of the dross. Trace

quantities of sodium stannate and sodium bismuthate also were detected in
the dross.
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TABLE I. Analyses of Seal Alloy and Dross from Seal of Large Rotating Plug

Concentration, wt %

Date Sample Description Bi Sn Na
7/13/65 Seal alloy 59.9 43 0.166
Dross 50.0 47 2.15
7/14/65 Seal alloy 58.8 44 0.166
Dross b 40 0.150
7/15/65 Seal alloy 59.3 45 1.510
7/16/65 Dross 42.2 = 7.5
7/20/66 Dross 42.8 = 55
10/6/66 Seal alloy (near surface) Gy - 015
Seal alloy (near bottom) 59.0 - 075
Seal alloy (avg of four samples) - - 0.176
12/6/66 Seal alloy (avg of two samples) - - 0.245
6/2/67 Seal alloy (avg of six samples) - - 03225
12/22/67 Seal alloy (avg of two samples) - = 0.084
2/9/68 Dross - - 6.80
3/25/69 Dross 51.6 39.3 1.75

With the present method of operation, the sodium diffuses from the
inner annulus to the outer annulus of each seal trough, where it is readily
oxidized. The residual sodium concentration in the seal alloy remains
nearly constant at about 0.25 wt %. If a blanketing medium, such as silicone
oil, were applied to the surface of the seal alloy, the concentration of sodium
would be expected to increase. In general, the intermetallic compounds of
sodium and bismuth, or sodium and tin, have melting points above the
maximum operating temperature of the EBR-II fusible seals. As the con-
centration of sodium in the seal alloy increases, some of these compounds
may precipatate.

II. REVIEW OF THE LITERATURE

Very little direct information concerning the bismuth-tin-sodium
alloy system or the bismuth-indium-tin-sodium alloy system is available
in the literature. Each of the associated binary systems, however, has been
studied in some detail. This section summarizes what has been reported
on these alloy systems, including a discussion of segregation in a eutectic
alloy.

A. Bismuth-Tin Alloy System

Figure 2 is the temperature-composition diagram for the bismuth-
tin alloy system. In the liquid phase, the two constituents are completely
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miscible. No intermetallic compounds
are known to exist in this system.5
The latest work on this alloy system
reports that the eutectic exists at
138.5°C and 46 at. % bismuth, basedon
an accuracy of +0.05% for the deter-
minations.® In this same work, the

TEMPERATURE, °C

o ] solubility of bismuth in tin is reported

gie=ImE e to be 11.9 at. % at 136°C, which is near
0 80 90 100 . sy 1

o 00 35°|SM3$H cgg'reni?av;, 8 the maximum solubility. The solubility

of tin in bismuth is reported to be

3.6 at. % at 165°C. These values differ
slightly from those indicated inFig. 2
because the nominal composition of commercial alloy actually used in the
EBR-II fusible seals is 43.97 at. % bismuth and 56.03 at. % tin, which is
slightly different from the true eutectic composition reported in the literature.

Fig. 2. Bismuth-Tin Equilibrium Diagram

The bismuth-tin eutectic alloy was selected as a fusible seal for
EBR-II because it expands on freezing and melts at a reasonable tempera-
ture.? A test conducted by the Reactor Engineering Division of Argonne
National Laboratory showed that the seal is not completely effective unless
the alloy is at least partially molten. The most probable reason for this
behavior is that Type 304 stainless steel is not wetted by the alloy at normal
operating temperature (~350°F) of the seals. (See Section 1, Appendix A.)

One undesirable property of the bismuth-tin eutectic alloy in rela-
tion to its use as a fusible seal material for EBR-II is its incompatibility
with 300-series stainless steels at elevated temperatures. Kassner found
that the alloy preferentially dissolves nickel from the stainless steel.” In
the operating temperature range for the EBR-II seals, however, no attack
on Type 304 stainless steel has been observed.

A limited amount of information was found in the literature concern-
ing the oxidation or dross-forming characteristics of the bismuth-tin eutectic
alloy. Blumenthal et al. reported the results of a series of tests with an
apparatus designed to simulate the EBR-II seal troughs.® Dross produced
in this apparatus during 70 days of operation with commercial-grade
bismuth-tin eutectic alloy was examined microscopically. Particles of the
dross appeared to be essentially all metallic. Without magnification, the
dross looked like a black powder. This type of dross formation has been
observed in several other alloy systems. A similar examination of dross
taken from the EBR-II seal troughs yielded indentical results. Figurels
shows photographs of the dross taken with no magnification and at 375X.

From experience in the operation of the EBR-II rotating seal plugs,
it can be concluded that the oxidation reaction is diffusion controlled. Es-
sentially no dross was formed when the seals were in a molten, but static,
condition. Moreover, no significant difference in the rate of dross formation



was detected with or without a nitrogen purge.?
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Itis presumed that a pro-

tective layer of tin monoxide is formed at the surface of the alloy and that

this protective layer is disrupted during the rotation of the seal plugs. Some
preliminary tests of dross-formation rate are discussed in Appendix A.

375X

Fig. 3. Bismuth-Tin Eutectic Alloy Dross

B. Bismuth-Sodium Alloy System

Sodium alloys readily with bismuth to form the two intermetallic
compounds, NaBi and Na;Bi, which have melting points of 446 and 775°C,
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Fig. 4. Bismuth-Sodium Equilibrium Diagram

respectively. Figure 4 shows the
temperature -composition diagram of
this system. A freezing-point depres-
sion of 8.3°C at 3.86 at. % sodium has
been reported.5 Similarly, a reduction
of 2°C has been observed in the eu-
tectic arrest temperature when

0.5 wt % sodium was added to the
bismuth-tin eutectic alloy.

C. Sodium-Tin Alloy System

Sodium alloys with tin to form
a series of intermetallic compounds.
Table II gives some physical prop-
erties of a few of these compoundsf’
The temperature-composition cliagra.m5

for the sodium-tin alloy system is given in Fig. 5, which shows the existence

of nine compounds:
and NaSng.

Na,Sn, NajSn, Na,Sn, Na,Sn;, NaSn, NaSn,, NaSnjz, NaSny,
The last four of these, in particular, are regarded as undergoing



polymorphic transformations. The others are not important in this
case and have not been investigated thoroughly.

TABLE II. Physical Properties of Some Tin-Sodium Alloys

Melting Heat of
Alloy Specific Point, Formation,
Composition Color Gravity °C kcal
NaSn, Gray 4.725 405 115
NaSn Gray 3990 477 11
NaSn; Gray 3,570 478 36
Na,Sn Blue-Bronze SR 483 12
Na,Sn Silvery 22315 305 21
(00 o a1 I T D. Indium Alloys
600 — ;vé: 5 s 9'. o —
Sggg = g Addition of small quantities of
e e . B indium to various alloys increases
& 400 = J - corrosion resistance.!® Indium has
g 00l Al been used successfully in a number of
= 2 bearing alloys to increase both wear
cct ‘; 7| and corrosion resistance. For this
100 =l reason, the addition of indium to the
Algad e [ bismuth-tin eutectic alloy would be

Olf lo 200 30 40 50 60 70 80 50 ‘oo expected to reduce the ratefof dress
Na TIN CONTENT, at. % sn .

formation. Darnell recommended the
addition of 1 wt % indium for this
purpose.® A subsequent, preliminary
study has shown that the rate of dross formation is substantially reduced by
the addition of 1 wt % indium to the bismuth-tin eutectic alloy. The results

of this study are discussed in Appendix A.

Fig. 5. Sodium-Tin Equilibrium Diagram®

Sodium alloys readily with indium to form a series of intermetallic
compounds. The intermetallic compounds In;Na, In,Na, and InNa all have
melting points that are substantially higher than the operating temperature
of the EBR-II fusible seals.!!

E. Segregation

One suggested explanation for the operational problems of the
EBR-II rotating shield plugs was that eutectic segregation was occurring in
the seal alloy. At the time this supposition was advanced, there was es-
sentially no access to the seal troughs. Therefore the validity of the sup-
position could not be checked immediately f)y examining samples of seal
alloy taken from the troughs. Eutectic segregation has been observed in
the uranium-aluminum, silicon-aluminum, nickel-aluminum, and tin-zinc
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alloy systems.'? In a brief study, Blumenthal et z_a._l.s produced segregation
in commercial bismuth-tin eutectic alloy by a thermal cycling technique.
More recently, Mahagin13 completed an extensive study of segregation in
bismuth-tin eutectic alloy. Repeated thermal cycling through the eutectic
temperature can cause segregation in this alloy system. The bismuth-rich
beta crystals concentrate at the bottom of a vessel containing the alloy, and
the alpha-rich dendrites concentrate at the top.

The difference between the density of the alpha phase and the beta
phase is sufficient to cause segregation. Since the concentrations in the
commercial bismuth-tin eutectic alloy are slightly different from the true
eutectic concentration, the probability of segregation increases. Since the
temperature cycles through the eutectic temperature during normal oper-
ation of the rotating seal plugs, the suggestion that segregation was respon-
sible for the operational problems was not surprising.

Further consideration of the normal operating procedure for the
rotating plugs leads to the conclusion, however, that segregation is not likely
to occur. While the reactor is operating, the upper half of the seal alloy is
solid and the lower half is molten. Mixing due to convection is expected to
occur in the molten half of the alloy. Earlier operating procedures for the
rotating seal plugs included prolonged "soaking" of the seal alloy at higher
temperatures before rotation, presumably to correct the effects of SeoTe =
gation. Both mixing and diffusion will oppose the segregation process. In
preparation for the operation of rotating seal plugs, i.e., for fuel handling,
the temperature of the seal alloy is increased to approximately 177°C (2B50°E):
Normally, fuel handling begins as soon as the seal alloy is molten. Since
fuel handling requires the rotation of the seal plugs, some mixing of the seal
alloy results. This is probably the most importaht reason why segregation
has not been detected in the seal alloy. In the segregation experiments
cited,®!® care was taken to avoid any mixing, because even a slight amount
of mixing completely prevents temperature cycling, which causes segregation.

The results of analyses of seal-alloy samples taken after gaining
access to the seal troughs are given in Table L. Deviations in the concen-
trations of the constituents are easily explained by considering analytical
precision and the preferential oxidation of tin. Analytical procedures are
discussed in Appendix B.

III. EXPERIMENTAL PROCEDURE

The experimental procedure for this study consisted of determining
the cooling curves for two series of alloys. The alloys of one series con-
tained bismuth and tin in the eutectic ratio and concentrations of sodium
from 0.26 to 7.03 wt %. The alloys of the other series contained bismuth
and tin in the eutectic ratio as well as approximately 1 wt % indium and
sodium concentrations ranging from 0.19 to 7.25 wt %.
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Because of the high reactivity of sodium, the experiment was con-
ducted in a glovebox containing an argon atmosphere. The concentrations
of oxygen and water vapor in the argon atmosphere were held to less than
10 ppm and less than 6 ppm, respectively. The concentrations of these and
other impurities were controlled by using a molecular sieve and an auto-
matic purge system, with the result that no significant oxidation of the
samples was observed during the experiment.

Most of the apparatus for conducting the experiment was contained
in the glovebox. Access to the glovebox was provided by a gastight lock.
The apparatus consisted of a stan-
dard hotplate, aninsulated 500-ml

‘é‘iglg%;'f“'””osp““ stainless steel beaker and cover, a

motor-driven stirrer, and a stainless-

steel-clad Chromel-Alumel thermo-
couple with a temperature recorder.

R Figure 6 is a schematic diagram of

DRIVE MOTOR~

_SEAL
s
CHROMEL-ALUMEL—|

TEMP THERMOCOUPLE
RECORDER {—INSULATED the apparatus.
ASBESTOS —___ COVER
INSULATION SS BEAKER
RE The thermocouple was cali-
HOT PLATE F—120-V 60-CYCLE :
POWER ) brated at several different tempera-
tures by using a precision mercury
Fig. 6. Experimental Apparatus Used to thermometer and was recalibrated
Determine Alloy Cooling Curves by the same procedure after each

cooling-curve determination. The
precision of the temperature recorder was estimated to be +3°C from in-
formation provided by the supplier. The melting point of bismuth-tin eu-
tectic, as certified by the supplier, was 139°C (292°F); the melting point of
the alloy, as determined with the experimental apparatus, was consistently
within 2°C of that temperature.

The bismuth-tin eutectic, Asarcolo 281, was supplied by the
American Smelting and Refining Company. Table III shows a certified com-
position of the eutectic alloy. Table IV shows the impurity content of
reagent-grade sodium used to prepare the alloys in each series.

TABLE III. Chemical Composition

of Bismuth-Tin Eutectic Alloy TABLE IV. Amounts of Impurities in
Used in Experiments Sodium Used in Experiments
Element Concentration, wt % Constituent Concentration, wt %

Bi 58.02 Chloride (C1) 0.0015

Sn 41.98 Nitrogen (N) 0.003 (max)

Fe 0.005 Phosphate (PO,) 0.0005

Cu 0.005 Sulfate (SO,) 0.002 (max)

Pb 0.016 Heavy metals (as Pb) 0.0005

Ni 0.002-0.02 Iron (Fe) 0.001




The bismuth-tin eutectic alloy was weighed toanaccuracyof 0.01 g on a
torsion-wire balance. Since the quantity of sodium used toprepare the samples
was relatively small, the sodium was weighed ona four-place analytical bal-
ance. Large samples ofalloy (approximately 900 g) were used to reduce the
error that could result from oxidation. Since sodium is preferentially oxi-
dized, this error could be significant.

Several trial determinations were make to check the apparatus. As a
result of these trials, additional insulation was applied to the stainless steel
beaker to decrease the cooling rate to approximately 3°C/min. This rate
was determined to be satisfactory by comparing the cooling curves obtained
from the trial determinations against those described in the literature. 41
Typical cooling curves experimentally obtained for a 41.88 wt % tin-

57.87 wt % bismuth-0.26 wt % sodium alloy and the 41.70 wt % tin-57.61 wt %
bismuth-0.68 wt % sodium alloy are shown in Figs. 7 and 8, respectively.
Figure 8 also shows the corresponding heating curve. The close agreement
between the arrest temperatures observed during cooling and heating is an
indication of a reasonable approach to equilibrium conditions. The initial
temperature for each determination was approximately 430°C. From an
examination of the phase diagrams for the bismuth-sodium and the tin-
sodium alloy systems, it was expected that all the thermal arrests for the
alloys to be studied would occur below 430°C.
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Fig. 7. Typical Cooling Curve for 41.88 wt %  Fig. 8. Typical Cooling and Heating Curves for
Tin-57.87 wt % Bismuth-0.26 wt % 41.70 wt % Tin-57.61 wt % Bismuth-
Sodium Alloy 0.68 wt % Sodium Alloy

Some additional tests were conducted which were concerned with
rates of sodium removal from the bismuth-tin eutectic alloy, rates of cor-
rosion, and rates of dross formation. These tests and their results are
discussed in Appendix A.

IV. EXPERIMENTAL RESULTS
The data presented in this section were obtained solely from thermal

analyses of the alloys. Because of the reactivity of sodium, metallographic
examination of the alloys was not considered. The first series of alloys to

17
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Fig. 9. Concentration Triangle for Bismuth-
Sodium-Tin System

be discussed here contains bismuth
and tin in approximately the eutectic
ratio and with varying concentrations
of sodium.

Figure 9 is a concentration
triangle for the bismuth-sodium-tin
alloy system with the appropriate
binary equilibrium diagrams super-
imposed on each side. The compo-
sitions of the alloys selected for
thermal analysis are indicated by
open dots along the dashed line with-
in the concentration triangle. Data
from the thermal analysis of each

alloy are presented in Table V. These data were used to construct the
isopleth represented in Fig. 10. The dashed line of Fig. 9 is a top view of
this isopleth. The methods discussed in Ref. 16 were used to construct the
isopleths and isotherms for the ternary alloy systems.

The uppermost curve of Fig. 10 represents the solubility limit of
sodium in the bismuth-tin eutectic alloy. The solubility of sodium in the

TABLE V. Data from Thermal Analysis of Bismuth-Tin Eutectic
Containing Incremental Additions of Sodium

Composition of Alloy,

Temperature of Thermal Arrest, °C

al Arrest Arrest Arrest Arrest
Sn Bi Na 1 2 8 4
56.03 4 30917 = = = 150 1139
55.05 4309 1.76 167 = 150 137
58551 41.98 4.51 230 = 150 157
5274 41,31 5207 254 = 150 15}7/
5Z. }2 40.88 7.00 256 = ol 157
51563 40.53 7.84 260 = 5K 138
210 L 38.56 1288 294 = 161 138
46.63 36.60 {61,747/ g = 17l 138
42.23 33.14 24.63 344 = 127 138
38.88 BOLE 30.61 349 380 250 138
36.84 28.92 34.24 343 386 230 138
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| T T T T | alloy ranges from essentially zero at
139°C (282°F) to approximately 0.35 wt %

400 — =
Liauio at 177°C (350°F). This temperature range
- is of particular interest because in the fully
molten condition required for the rotation of
300

the EBR-II seal plugs, the seal alloy is
maintained at 177°C (350°F). For the reason
described on page 8, the seal alloy is
maintained in a partially molten condition
when the reactor is operating. In this condi-
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LIQuID +NaBi
200 —

TEMPERATURE,

LIQUID + NaBi +
sn

Ao oomtlUptNapitel . | tion, the temperature of the seal alloy
ol - _| ranges from approximately 154°C (310°F)
BaEiR s at the bottom of the trough to 99°C (210°F)

r 1 at surface of the alloy. Within this temper-
ature range, essentially all the sodium

3 R R R el

o 10 20 30 dissolved in the seal alloy will precipitate
BI SODIUM CONTENT, at. % . . . : L
sn as sodium bismuthide (NaBi). On the basis

of observations made during thermal anal-
ysis of the alloys, the sodium bismuthide
should redissolve when the seal-alloy tem-

Fig. 10. Isopleth of 56 at. % Tin-44 at. %
Bismuth-Sodium System

perature is increased. Because of thermal cycling of the seal alloy, per-
manent separation of the alloy constituents should not occur.

The isopleth in Fig. 10 can be described by analyzing the behavior
of several alloys as they are cooled from the liquid state. For the first
illustration, assume that an alloy with a concentration of 10 at. % sodium
is being cooled from 300°C at which the alloy is all liquid. At 280°C, sodium
bismuthide begins to precipatate from the liquid, thereby initiating a change
in the slope of the cooling curve. At 155°C, the alloy becomes bismuth-
saturated, and a second thermal arrest is observed in the cooling curve.
At 136°C, the remaining liquid solidifies; the product is NaBi + Bi + Sn.
A relatively long isothermal arrest is observed at this temperature.

For the next illustration, assume that an alloy with a concentration
of 25 at. % sodium is being cooled from 300°C. Thebehavior of this alloy on
cooling is similar to the behavior of the one just described: the liquid
becomes saturated with respect to sodium bismuthide at 395°C, to bismuth
at 198°C, and to tin at 136°C. The two higher-temperature thermal arrests,
however, are more pronounced and the isothermal arrest is much less pro-
nounced than the corresponding arrests observed in the alloy containing
10 at. 7% sodium. This is to be expected, because at higher sodium concen-
trations, more sodium bismuthide is precipitated from the liquid, and
consequently less liquid remains at the temperature of the isothermal

arrest.

Since no thermal arrests occur within the large area labeled
LIQUID + NaBi in Fig. 10, no intermetallic compounds of sodium and tin
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are assumed to be precipitated in this area. This assumption is supported
by the fact that the eutectic temperature for NaSng-Sn is lower than the
eutectic temperature for NaBi-Bi (see Figs. 4 and 5). The assumption
should be qualified, however, because NaSn,, NaSny, and NaSn, are formed
by peritectic reaction, and thermal arrests resulting from their formation
will be quite subtle. The slight inflection in the liquidus curve may be an
indication of a sodium-tin reaction. Other analytical methods would be
required to characterize the isopleth accurately.

For a third illustration, assume that an alloy with a concentration of
30 at. % sodium is being cooled from 400°C. The cooling curve for this alloy
exhibits four thermal arrests. At 380°C, the liquid becomes saturated with
sodium bismuthide (Na3Bi) and the first thermal arrest is observed. At
345°C, the liquid becomes saturated with sodium stannide (NaSn). There are
only two intermetallic compounds of sodium and bismuth: NaBi and NazBi.
Figure 4 indicates that Na;Bi cannot exist in this part of the isopleth. On
this basis, the constituent responsible for the thermal arrest must be a tin
compound. At 230°C, an isothermal arrest occurs that is assumed to be the
result of the transformation of sodium stannide (NaSn) to tin. This reaction
may be a Class II phase reaction (see Ref. 14, p. 179). The same qualifi-
cation must be applied to this assumption as in the preceding paragraph.
The last remaining liquid solidifies at 136°C. The thermal arrest occuring
at this temperature is quite short, indicating that very little liquid remains
at this temperature.

Since the boundary between the large liquid + NaBi phase and the
liquid + NaBi + NaSn phase could not be located precisely with the data
available, this boundary is indicated by a dashed line in Fig. 10. The bound-
ary, however, must be located somewhere between the data points immedi-
ately to the left and right of the dashed line and in the two solid lines between
which the dashed line falls. The same reasoning applies to the boundary
between the liquid + NaBi + Bi phase and the liquid + Sn + NaBi phase.

The location of the ternary eutectic for the bismuth-sodium-tin alloy
system can be estimated from the available data. The binary eutectic for
the sodium-tin alloy system occurs at a sodium concentration of 5 at. %

(1 wt %), and the binary eutectic for the bismuth-sodium alloy system occurs
at a sodium concentration of 21.8 at. % (97 wt %). From these data it is
estimated that the ternary eutectic occurs at a low sodium concentration.
The depression of the lower curve in Fig. 10 indicates that the ternary
eutectic will most probably be located between 2 and 5 at. % sodium.

Figure 11 shows the liquidus curves for the ternary alloy system at
various temperatures. The small area within which the ternary eutectic
must lie is indicated by the oval dashed-line enclosure on the diagram. The
eutectic will most probably occur on the tin side of the isopleth because of



the tie-line construction indicated on the diagram, but additional data points
would be required for verification of this assumption.
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Fig. 11. Liquidus Curves at Various Temperatures
for Bismuth-Tin-Sodium Alloy System

Table VI lists data from the thermal analysis of the series of alloys
containing bismuth and tin in the eutectic ratio and approximately 1 wt %
indium and varying concentrations of sodium. The data from Table VI were

TABLE VI. Data from Thermal Analysis of Bismuth-Tin Eutectic
with Approximately 1 wt % Indium and
Incremental Additions of Sodium

Temperature of Thermal Arrest, oG

Composition of Alloy, at. %

Arrest Arrest Arrest Arrest

Sn Bi In Na 1 2 3 4
55.26 43.38 1.36 - = e 147 139
54.52 42.80 1.34 1.34 160 = 147 136
53.16 41.74 i) - 214 = e 136
52.40 41.13 1.30 517 230 = 150 136
51.82 40.67 1.28 623 242 = 150 136
50.38 39.58 1.24 8.80 245 = 150 134
47.90 37.60 1.19 1331 280 - 164 134
45.50 2502 213 17.65 319 = 172 134
41.90 32.90 1.04 24,17 336 = 197 )
38.72 30.39 0.95 29.94 336 382 225 -
35.58 27,92 0.88 34.52 336 392 228 -

21
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used to construct the isopleth represented in Fig. 12. As determined by the
liquidus curve of the isopleth, the solubility of sodium in the alloy is approx-
imately 0.5 wt %% at 177°C (350°F). The addition of indium to the ternary
alloy has the effect of depressing the liquidus curve for alloys containing

2-25 at. % sodium. This effect can be seen
T T 2 T ! T clearly by comparing Figs. 10 and 12. The
isopleth for the ternary alloy system and
the isopleth for the quaternary alloy system
are quite similar for the range of concen-
trations studied. In general, the discussion
in the preceding paragraphs will also apply
to an analysis of this part of the quaternary
alloy system.

°Cc

TEMPERATURE,

V. CONCLUSIONS AND
RECOMMENDATIONS

r 1 Some possible methods for im-
proving the operation of the EBR-II rotating

10 20 30 plugs are discussed briefly in this section.
Bi SODIUM CONTENT, at.% o g .
sn In addition, some specific recommendations
are made concerning the design of fusible

Fig. 12. Lopleth of 55.3 at. % Tin- seals for future liquid-metal-cooled reactors.

43.4at. % Bismuth-1.36 at. %
Indium-Sodium System The concentration of sodium in the

EBR-II fusible seals is currently about
0.25 wt %. Assuming the use of silicone oil as a blanketing medium, the
concentration of sodium in the seal alloy would build up to a concentration
of approximately 0.35 wt % in four months. After the four months, precipi-
tation of solids (NaBi) would be expected to occur at the rate of approxi-
mately 25 lb/yr. Sampling and analysis of the seal alloy are comparatively
simple, and the increase in the sodium concentration in the alloy could be
determined on a periodic basis.

The most convenient way to reduce the concentration of sodium in
the seal alloy is by dilution with new alloy. An effective seal can be main-
tained with approximately one-third of the seal alloy removed from the
trough. Completing two consecutive dilutions could reduce the concentration
of sodium in the seal alloy to approximately 0.16 wt %, and repeating the
dilution procedure at eight-month intervals could minimize the precipita-
tion of solids. A specially designed pump has been developed to pump the
alloy from the seal trough,? thereby facilitating the procedure for diluting
the seal alloy.

Another method that has been considered for improving the operation
of the rotating plugs is the addition of indium to the seal alloy. The results
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of a preliminary test of dross-formation rate, discussed in Appendix Ay
show that the addition of a small amount of indium to the bismuth-tin alloy
will reduce substantially the rate of dross formation. Sodium will be
preferentially oxidized at the surface of the alloy to produce sodium car-
bonate as the final product. Sodium buildup in the alloy will not be expected
to occur, but sodium carbonate would accumulate on the surface of the seal
alloy at the rate of 5-10 lb/yr. Only preliminary studies of this method
have been completed.

A more conservative approach to the problem would be the addition
of indium to the seal alloy and the use of silicone oil as a blanketing medium.
Since sodium is slightly more soluble in an alloy with indium than in one
without indium, the first dilution to reduce the sodium concentration of the
alloy would be required after approximately six months of operation. Sub-
sequent dilutions would be required on a yearly basis.

Another consideration is that the rotating plugs can be operated with
a substantial amount of solids present in the seal alloy. It is estimated that
as much as 50-100 lb of solid material would not interfere with the operation
of the rotating plugs. The approach described above appears to be the most
promising, but a thorough engineering analysis should be completed before
arriving at a final decision.

As a result of this study several recommendations can be made con-
cerning the design of a fusible seal for future sodium-cooled reactors:

1. The compatibility of all materials in contact with the seal alloy
should be studied carefully.
-
2. The possibility of sodium transfer to the seal alloy should be
eliminated, possibly by providing a secondary sealor a cold surface for
trapping the sodium.

3. Access to the seal should be considered of prime importance
because of unforeseen problems that might make such access necessary.

4. The provision of an inert atmosphere for the seal alloy would
be desirable, but the problem of designing a secondary gas seal is some-
what formidable. For this reason, the selection of an alloy with long-term
stability is of prime importance.



24

APPENDIX A

Supplementary Tests and Observations

1. Corrosion

Several specimens of Type 304 stainless steel were examined after
long periods of exposure to bismuth-tin eutectic alloy and to bismuth-tin
eutectic alloy containing 1 wt % indium. Figure 13 is a photomicrograph of
a specimen of Type 304 stainless steel after exposure to bismuth-tin eutectic
alloy for 5000 hr at 177°C. The "bond" between the eutectic alloy and the
stainless steel was mechanical rather than metallurgical. Figure 14 is a
photomicrograph of a Type 304 stainless steel specimen after exposure to
bismuth-tin eutectic alloy containing 1 wt % indium for 15,000 hr at 177°C.
No "wetting" of the specimen occurred. Although these tests were conducted
under static conditions, it is reasonable to assume that no corrosion (dis-
solution) of Type 304 stainless steel would occur as a result of exposure of
either of these alloys at temperatures up to 177°C (350°F).

375X 375X

Fig. 13. Type 304 Stainless Steel Specimen after Fig. 14, Type 304 Stainless Steel Specimen after

5000 hr of Exposure at 177°C (350°F) to 15,000 hr of Exposure at 177°C (350°F) to
Bismuth-Tin Eutectic Alloy Bismuth-Tin Eutectic Alloy Containing

1 wt % Indium

2. Test of Dross-formation Rate

Preliminary tests of dross-formation rate were completed to de-
termine the optimum concentration of indium for reducing the rate of dross
formation in the bismuth-tin eutectic alloy. Alloy samples for this test
consisted of bismuth-tin eutectic alloy and bismuth-tin eutectic alloy con-
taining additions of 0.25, 0.50, and 1.00 wt % indium. The total weight of
each sample was approximately 900 g. The samples were agitated with
a motor-driven stirrer for various periods of time at a constant temperature
of 177°C (350°F). The stirrer speed was approximately 200 rpm for each test.
Figure 15 is a photograph of each sample after completion of the tests.



41,98 wt % Sn 41,85 wt % Sn 41,73 wt % Sn 41.48 wt % Sn
58.02 wt % Bi 57.90 wt % Bi 57.77 wt % Bi 57.52 wt %0 Bi
0.25 wt % In 0.50 wt % In 1.00 wt % In

Fig. 15. Dross Formation on the Surface of Bismuth-Tin Eutectic Alloys Containing
Various Concentrations of Indium (Neg. No. ID-103-K5900 Rev. 1)

Samples of dross from the
1 wt % indium alloy were examined
microscopically (see Fig. 16). The
character of this dross was com-~-
pletely different from the character of
the dross from the bismuth-tin alloy in
that no evidence of gross oxidation
could be seen microscopically. A
quantitative weight of the total dross
formed during this testcould notbe de-
termined because of the nature of
the dross.

375X

The dross-formation rate for
Fig. 16. Photomicrograph of Dross from Bismuth-Tin

the bismuth-tin eutectic alloy was
Eutectic Alloy Containing 1 wt % Indium

(0} (0} 1) g/cmz/hr; the dross-formation
rates for the alloys containing 0.25 and
0.5 wt % indium were 0.008and 0.002 g/cmz/hr, respectively. Although it can
be concluded from these tests that the optimum indium concentration for de-
creasing the rate ofdross formationis between 0.5and 1.0 wt 7, additionaltests
under actual, simulated EBR-II seal-trough conditions are needed.

3. Alloy Purification

A series of tests was conducted to determine if sodium could be suc-
cessfully removed from bismuth-tin eutectic alloy by preferential oxidation of
the sodium withair. Samples of alloy containing approximately 1.2 wt % sodium
were sparged with air for various periods of time. The sodium concentration in
all samples was reduced to approximately 0.40 wt % after 10 min of sparging,
but additional sparging did not reduce the sodium concentration further. The re-
sidual sodium concentration was due to occlusion of sodium oxide in the alloy.
Vibration of the samples, followed by skimming, reduced the sodium concentra -
tion to an average of 0.15 wt %. Filtration of the samples was not attempted,
ot wanld he exnected to reduce the sodium concentration still more.

25
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APPENDIX B

Chemical Analysis

1. Bismuth Determination

After dissolution, samples for bismuth determinations were titrated
with EDTA at a pH of approximately 2.8 using thymol blue as an indicator.
Tin is complexed with fluoride. The estimated accuracy for this determi-

nation is +3%.

Since April 30, 1968, bismuth has been determined by the atomic-
absorption method with an accuracy of +2%.

2. Tin Determination

Tin content was determined by the fluorometric method using fla-
vonol.!” The estimated accuracy of this determination is +5%. Tin has been
determined by the atomic-absorption method, with an accuracy of +2%
since April 30, 1968.

3. Sodium Determination

Sodium determinations were completed by the flame-emission-
spectrophotometer method with an estimated accuracy of +5%.
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